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Orbifold branes are studied in the framework of the 11-dimensional Horava-Witten heterotic M-
Theory. It is found that the effective cosmological constant can be easily lowered to its current
observational value by the mechanism of large extra dimensions. The domination of this constant
over the evolution of the universe is only temporarily. Due to the interaction of the bulk and the
branes, the universe will be in its decelerating expansion phase again in the future, whereby all
problems connected with a far future de Sitter universe are resolved.
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I. INTRODUCTION
Recent observations of supernova (SN) Ia reveal the
striking discovery that our universe has lately been in its
accelerated expansion phase [1]. Cross checks from the
cosmic microwave background radiation and large scale
structure all confirm this unexpected result [2]. Such an
expansion was predicted neither by the standard model
of particle physics nor by the standard model of cosmol-
ogy. In fact, in order to have an accelerated expansion,
the latter requires the introduction of either a tiny pos-
itive cosmological constant Λ or an exotic component of
matter that has a very large negative pressure and inter-
acts with other components of matter weakly, if there is
any. This invisible component is usually dubbed as dark
energy.
A tiny Λ is well consistent with all observations car-
ried out so far [3], and the recent Hubble Space Telescope
observations of the nearby galaxy groups Cen A/M83,
M81/M82, and their vicinities, are even in favor of it
[4]. Although the introduction of Λ may be the sim-
plest resolution of the crisis, considerations of its origin
lead to other severe problems: (a) Its theoretical expec-
tation values exceed observational limits by 120 orders
of magnitude [5]. (b) Its corresponding energy density
is comparable with that of matter only recently. Other-
wise, galaxies would have not been formed. Considering
the fact that the energy density of matter depends on
time, one has to explain why only now the two are in the
same order. (c) Once Λ dominates the evolution of the
universe, it dominates forever. An eternally accelerat-
ing universe seems not consistent with string/M-Theory,
because it is endowed with a cosmological event horizon
that prevents the construction of a conventional S-matrix
describing particle interaction [6]. Other problems with
an asymptotical de Sitter universe in the future were ex-
plored in [7].
In view of all the above, dramatically different mod-
els have been proposed, including quintessence [8], DGP
branes [9], and the f(R) models [10]. For details, see [11]
and references therein. It is fair to say that so far no
convincing model has been constructed.
In this Letter, we study the cosmological constant
problem and the late transient acceleration of the uni-
verse in the framework of the Horava-Witten heterotic
M-Theory on S1/Z2 [12]. In particular, using the Arkani-
Hamed-Dimopoulos-Dvali (ADD) mechanism of large ex-
tra dimensions [13], we show that the effective Λ on each
of the two branes can be easily lowered to its current ob-
servational value. The domination of this term is only
temporarily. Due to the interaction of the bulk and the
brane, the universe will be in its decelerating expansion
phase again in the future, whereby all problems con-
nected with a far future de Sitter universe are resolved.
Before showing our above claims, we note that recently
some attempts were made to derive a late time accel-
erating universe from string/M-Theory. In particular,
Townsend and Wohlfarth [14] invoked a time-dependent
compactification of pure gravity in higher dimensions
with hyperbolic internal space to circumvent Gibbons’
non-go theorem [15]. Their exact solution exhibits a short
period of acceleration. The solution is the zero-flux limit
of spacelike branes [16]. If non-zero flux or forms are
turned on, a transient acceleration exists for both com-
pact internal hyperbolic and flat spaces [17]. Other ac-
celerating solutions by compactifying more complicated
time-dependent internal spaces can be found in [18]. In
addition, in the string landscape [19], it is expected there
are many different vacua with different local cosmologi-
cal constants [20]. Using the anthropic principle, one
may select the low energy vacuum in which we can exist.
However, many theorists still hope to explain the prob-
lem without invoking the existence of ourselves in the
universe.
In addition, in 4D spacetime there exists Weinberg’s
no-go theorem for the adjustment of the CC [5]. How-
ever, in higher dimensional spacetimes, the 4D vacuum
energy on the brane does not necessarily give rise to an ef-
fective 4D CC. Instead, it may only curve the bulk, while
leaving the brane still flat [21], whereby Weinberg’s no-go
theorem is evaded.
2II. MODEL IN THE HORAVA-WITTEN
HETEROTIC M-THEORY
The 11D spacetime of the Horava-Witten M-Theory is
described by the metric [22],
ds211 = V
−2/3γabdx
adxb − V 1/3Ωnmdzndzm, (1)
where ds2CY,6 ≡ Ωnmdzndzm denotes the Calabi-Yau 3-
fold, and V the Calabi-Yau volume modulus that mea-
sures the deformation of the Calabi-Yau space, and de-
pends only on xa, where a = 0, 1, ..., 4. Then, the 5D
effective action of the Horava-Witten theory is given by
[22, 23]
S5 =
1
2κ25
∫
M5
√
γ
(
R[γ]− 1
2
(∇φ)2 + 6α2e−2φ
)
+
2∑
i=1
ǫi
6α
κ25
∫
M
(i)
4
√
−g(i)e−φ, (2)
where ǫ1 = −ǫ2 = 1, and
φ ≡ ln(V ), κ25 ≡
κ211
vCY,6
, (3)
with vCY,6 being the volume of the Calabi-Yau space,
vCY,6 ≡
∫
X
√
Ω. (4)
The constant α is related to the internal four-form that
has to be included in the dimensional reduction. This
four-form results from the source terms in the 11D
Bianchi identity, which are usually non-zero. g(i) ’s are
the reduced metrics on the two boundaries M
(i)
4 (i =
1, 2). It should be noted that in general the dimensional
reduction of the graviton and the four-form flux gener-
ates a large number of fields. However, it is consistent
to set all the fields zero except for the 5D graviton and
the volume modulus. This setup implies that all com-
ponents of the four-form now point in the Calabi-Yau
directions. In addition, it can be shown that the above
action is indeed the bosonic sector of a minimal N = 1
gauged supergravity theory in 5D spacetimes coupled to
chiral boundary theories.
To study cosmological models in the above setup, we
add matter fields on each of the two branes,
Sm(i) = −
∫
M
(i)
4
√
−g(i)L(i)m (φ, χ), (5)
where χ collectively denotes the SM fields localized on the
branes. Clearly, this in general makes the two branes no
longer supersymmetric, although the bulk still is. Varia-
tion of the action,
Stotal5 = S5 +
2∑
i=1
Sm(i), (6)
with respect to γab yields the field equations,
(5)Gab = κ
2
5
(5)T φab
+κ25
2∑
i=1
T (i)µν e(µ)a e(ν)b
√
−g
(i)
γ
δ (Φi) , (7)
where T φab and S(i)µν ’s are the energy-momentum tensors
of the bulk and branes, respectively, and are given by
κ25
(5)T φab ≡
1
2
(∇aφ) (∇bφ)
−1
4
γab
[
(∇φ)2 − 12α2e−2φ
]
,
T (i)µν ≡
6αǫi
κ25
e−φg(i)µν + S(i)µν , (8)
S(i)µν ≡ 2
δL(i)m
δg(i) µν
− g(i)µνL(i)m , (9)
ea(µ) ≡
∂xa
∂ξµ
,
g(i)µν ≡ ea(µ)eb(ν)γab
∣∣∣
M(i)
, (10)
where ξµ (µ = 0, 1, 2, 3) are the intrinsic coordinates on
the orbifold branes. δ (Φi) denotes the Dirac delta func-
tion, and the two orbifold branes are located on the hy-
persurfaces,
Φi (x
a) = 0, (i = 1, 2). (11)
It is interesting to note that the contribution of the mod-
ulus field to the branes acts as a varying cosmological
constant, as can be seen clearly from Eq.(7).
Variation of the total action (6) with respect to φ,
on the other hand, yields the generalized Klein-Gordon
equation,
✷φ = 12α2e−2φ +
2∑
i=1
(
12αǫie
−φ + σ
(i)
φ
)
×
√
−g
(i)
γ
δ (Φi) , (12)
where ✷ ≡ γab∇a∇b, and
σ
(i)
φ ≡ 2κ25
δL(i)m
δφ
. (13)
A. Spacetime in the Bulk
Then, it can be shown that the 5D field equations in
between the two orbifold branes admit the solution,
ds25 ≡ γabdxadxb
= dt2 −
(
6
5
)
t2
(
dy2 + sinh2 ydΩ23
)
, (14)
3where dΩ23 is the metric on the unit 3-sphere. The corre-
sponding volume modulus is given by
φ = ln (2αt) . (15)
It should be noted that without the introduction of the
matter fields (5), this solution does not satisfy the re-
duced field equations on the two branes [24]. From the
expression of ds25 we can see that the 5D spacetime is
singular at t = 0, which divides the whole manifold into
two disconnected branches, t > 0 and t < 0. The branch
t < 0 represents a collapsing spacetime starting from
t = −∞, while the one t > 0 represents an expanding
universe starting from a big bang singularity at t = 0.
Since in this Letter we are mainly interested in cosmo-
logical model, from now on we shall work only with the
branch t > 0. Lifting the above solution to 11 dimen-
sions, from Eqs.(3), (14) and (15) we find that the metric
(1) can be cast in the form,
ds211 =
1
(2α)2/3
(
dt˜2 − 8
15
t˜2
(
dy2 + sinh2 ydΩ23
))
− (2α)1/3
(
2t˜
3
)1/2
ds2CY,6, (16)
where t = (2t˜/3)3/2. Clearly, the 11D spacetime is also
singular at t˜ = 0, where the length of each of the 10
spatial dimensions shrinks to zero. Such a singularity
may be removed using the ideas from the resolution of
curvature singularities in Loop Quantum Gravity [25].
However, since in this Letter we are mainly interested in
the evolution of the universe in the late times, we shall
not consider this possibility here.
B. The S1/Z2 Compactification
To write down the field equations on the branes, one
can first express the delta function parts of (5)Gab in
terms of the discontinuities of the first derivatives of
the metric coefficients, and then equal the delta function
parts of the two sides of Eq.(7), as shown systematically
in [26]. The other way is to use the Gauss-Codacci equa-
tions to write the 4-dimensional Einstein tensor as [27],
(4)Gµν =
2
3
(5)Gabe
a
(µ)e
b
(ν) +
(5)Eµν
−2
3
(
(5)Gabn
anb +
1
4
(5)G
)
gµν
+
(
KµλK
λ
ν −KKµν
)
−1
2
gµν
(
KλσK
λσ −K2) , (17)
where (5)Eµν is the projection of the 5D Weyl ten-
sor of the bulk onto the brane, defined as (5)Eµν ≡
(5)Cabcdn
aeb(µ)n
ced(ν), with n
a being the normal vector to
the brane. The extrinsic curvature Kµν is defined as
Kµν ≡ ea(µ)eb(ν)∇anb, and (5)G ≡ (5)Gabγab.
Assuming that the two branes are located on the sur-
faces, t = ti(τi) and y = yi(τi), we find that the
normal vectors to the two branes are given by n
(i)
A =
ei
√
6/5ti
(−y˙iδtA + t˙iδyA), where ei = ±1, and τi’s de-
note the proper times of the branes, defined by dτi =√
1− 65 t2i (y˙i/t˙i)2dti. An overdot denotes the ordinary
differentiation with respect to τi. When ei = 1, the nor-
mal vector points in the y-increasing direction, and when
ei = −1 it points in the y-decreasing direction. The re-
duced metrics on the two branes take the form
ds25
∣∣
M
(i)
4
≡ g(i)µνdξµ(i)dξν(i) = dτ2i − a2i (τi)dΩ23, (18)
where ai ≡
√
6/5 ti sinh(yi). Assume that on each of the
two branes there is a perfect fluid, S(i)µν = τ (i)µν + λ(i)g(i)µν ,
where λ(i) is the cosmological constant on the ith brane,
and τ
(i)
µν =
(
ρ(i) + p(i)
)
u
(i)
µ u
(i)
ν − p(i)g(i)µν , with u(i)µ = δτiµ .
Then, from the Lanzos equations [28],
[Kµν ]
− − gµν [K]− = −κ25Tµν , (19)
where [Kµν ]
− ≡ K+µν − K−µν , [K]− ≡ gµν [Kµν ]−, we
obtain [29],
H2 +
1
a2
=
8πG
3
ρ+
Λ
3
+
κ45
36
ρ2 +
sinh2 y
5a2
+2ǫi
(
πG
5ρΛ
)1/2
(ρ+ 2ρΛ)
sinh y
a
, (20)
ρ˙+ 3H(ρ+ p) = − 1
∆
{
2
5
Hy˙2 +
sinh 2y
5a2
y˙
+2ǫi
(
πG
5ρΛ
)1/2
(ρ+ 2ρΛ) (y˙ coth y −H) sinh y
a
}
,
(21)
where
∆ =
4πG
3
(
2 +
ρ
ρΛ
)
+ 2ǫi
(
πG
5ρΛ
)1/2
sinh y
a
,
ρΛ ≡ Λ/8πG, H ≡ a˙/a, and G and Λ are, respectively,
the 4D Newtonian and effective cosmological constant,
given by
8πG ≡ 1
6
κ45λ, Λ ≡
1
12
(
48πG
κ25
)2
. (22)
In writing the above expressions we had used the Z2 sym-
metry, K+µν = −K−µν . For the sake of simplicity, we also
dropped the indices “i”, without causing any confusions.
It is interesting to note that (4)Gµν given by Eq.(17) de-
pends on Kµν quadratically, so that it does not depend
on the signs of ei, nor on the choice whether K
+
µν or K
−
µν
is going to be used.
The third term in the right-hand side of Eq.(20) rep-
resents the brane corrections, which is important in the
4early epoch of the evolution of the universe. The fourth
term is the projection of the energy-momentum tensor of
the scalar field onto the brane, while the last term rep-
resents the interaction between the brane and the bulk.
It can be very important in the late evolution of the uni-
verse, as to be shown below. The first two terms are
those that also appear in Einstein’s theory of gravity,
although their physical origins are completely different.
In particular, in Einstein’s theory λ is an arbitrary con-
stant, while here it is completely fixed by the Newtonian
constant G. In other words, it is now a fundamental con-
stant and plays the same role as G does. On the other
hand, assuming that the typical size of the Calabi-Yau
space is R, we find vCY,6 ∼ R6. Then, from Eqs. (3),
(22) and the relation κ2D = MD
2−D, we obtain
ρΛ = 3
(
R
lpl
)12(
M11
Mpl
)18
Mpl
4, (23)
where Mpl ∼ 1019 GeV and lpl ∼ 10−35 m denote, re-
spectively, the Planck mass and length. From the above
expression we can see that, if the theory is in the TeV
scale [30], to have ρΛ ≃ ρob the typical size of the Calabi-
Yau space R needs to be only at the scale 10−22 m, which
is by far below the current observational constraints [31].
If M11 ∼ 100 TeV it needs to be at the scale 10−24 m;
and if M11 ∼ 1012 GeV , it is at the Planck scale. There-
fore, the Horava-Witten theory on S1/Z2 provides a very
viable mechanism to get ρΛ down to its current obser-
vational value. Hence, the ADD mechanism that was
initially designed to solve the hierarchy problem [13] also
solves the cosmological constant problem in the Horava-
Witten M-theory on S1/Z2.
Note that to close the system of Eqs.(20) and (21), two
additional equations are needed. One of them can be the
equation of the state of the perfect fluid, and the other
is the equation that describes the motion of the branes,
given by
y˙ =
5
5 coth2 y − 6 {H coth y
+ǫ
[
6
5
(
H2 +
1
a2
− sinh
2 y
5a2
)]1/2}
, (24)
where ǫ = ±1. From these equations it can be seen that
by properly choosing the initial positions of the branes
yi(0), the last two terms in the right-hand side of Eq.(20)
are neglected until very recently. As a result, the evolu-
tion of the universe follows almost the same trajectory as
that described by the standard ΛCDM model, in which
the Λ term dominates currently. However, the interaction
between the bulk and the branes can be very important
in the future, so that it leads to a late transient acceler-
ation of the universe.
To show that this is exactly the case, we first fit our
model with observational data, and then use these best
fitting data as our initial conditions to study the fu-
ture evolution of the universe. Let us first parameterize
1 2 3 4 5 6 7
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FIG. 1: The evolution of the quantity a∗∗/a ≡ a¨/(aH20 ).
the current density of each component as Ωm = ρ0/ρcr,
ΩΛ = ρΛ/ρcr, and Ωk = 3/(8πGa
2
0ρcr), where ρcr =
3H20/(8πG). We use the 182 gold SN Ia data [32] com-
bined with Baryon Acoustic Oscillation (BAO) parame-
ter from SDSS data [33]. We find that the results depend
on the choice of ǫ and ǫi, where for the positive (nega-
tive) tension brane we have ǫi = 1 (ǫi = −1), as can be
seen from Eq.(2). In particular, for ǫ = 1 = ǫi, we find
that the minimum of the function χ2 is χ2 = 156.20 and
Ωm = 0.28
+0.20
−0.04, ΩΛ = 0.87
+0.55
−0.15, and Ωk = 0.16
+0.00
−0.16.
For ǫ = 1 = −ǫi, we find χ2 = 156.22, Ωm = 0.22+0.09
−0.06,
ΩΛ = 0.74
+0.23
−0.05, and Ωk = 0.08
+0.00
−0.08. For ǫ = −1 = −ǫi,
we find χ2 = 156.20, Ωm = 0.28
+0.24
−0.04, ΩΛ = 0.87
+0.41
−0.04,
and Ωk = 0.16
+0.00
−0.16. And for ǫ = −1 = ǫi, we find
χ2 = 155.77, Ωm = 0.16
+0.15
−0.07, ΩΛ = 0.71
+1.12
−0.00, and
Ωk = 0.09
+0.00
−0.08. Taking these best fitting data as ini-
tial conditions, the future evolution of the acceleration
of the universe is shown in Fig. 1, from which we can
see that for the cases where ǫ = ǫi = 1 and ǫ = −ǫi = 1,
after a finite time, the universe will become decelerating
again. It should be noted that in all of these four cases
ρm always approaches to a very small value. We set up a
lowest limit for it, and once it reaches that limit, it will
be set to zero for the rest of its evolution.
III. MAIN RESULTS AND CONCLUDING
REMARKS
In this Letter, we have studied the evolution of the uni-
verse in the the framework of the 11-dimensional Horava-
Witten M-Theory on S1/Z2. We have shown explicitly
that the effective cosmological constant can be easily low-
ered to its current observational value using the large ex-
tra dimensions. The domination of this constant over
the evolution of the universe is only currently. Due to
the interaction of the bulk and the branes, the universe
will be in its decelerating expansion phase again in the
5future, whereby all problems connected with a far future
de Sitter universe are resolved.
It should be noted that the expression of Eq.(23) is
quite general, and does not depend on the specific model
considered in this Letter [29].
It is also interesting to note that the mechanism used
in this Letter is different from the so-called “self-tuning”
mechanism, proposed in both 5-dimensional spacetimes
[34] and in 6-dimensional spacetimes [35]. In the 5D case,
it was shown that hidden fine-tunings are required [36],
while in the 6D case it is still not clear whether loop
corrections can be as small as required by solving the
CC problem [37].
Two important problems have not been addressed in
this Letter. One is the stability of radion and the other is
the constraints from observations. The former has been
extensively studied in 5-dimensional spacetimes [38]. The
generalization of such studies to our model is straightfor-
ward, and is currently under our considerations. We are
also investigating the constraints coming from the solar
system tests [39].
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